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Abstract All organisms are able to modulate gene expres-
sion in response to internal and external stimuli. Trypano-
somes represent a group that diverged early during the
radiation of eukaryotes and do not utilise regulated
initiation of transcription by RNA polymerase II. Here,
the mechanisms present in trypanosomes to alter gene
expression in response to stress and change of host
environment are discussed and contrasted with those
operating in yeast and cultured mammalian cells.
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Introduction
In eukaryotes, gene expression changes in response to
alterations to the environment. The alteration can result
from both extrinsic signals, for example, a change in
nutrients, and intrinsic changes, such as a timing mecha-
nism. The immensely complex temporal and spatial
patterns of gene expression integral to the development of
multicellular organisms occur in response to extrinsic and
intrinsic signals that have evolved to produce the spatial
arrangement of the different cell types that comprise the
organism. Unicellular organisms are clearly simpler but are
also able to change gene expression in two key ways: first,
to optimise the survival of one cell type in response to
changes in the environment and, second, to trigger a
pathway leading to a different developmental form in
response to other signals. Alterations in gene expression
can be achieved by a change in one or more of the
following: transcription, usually an alteration in the
frequency of initiation; the fraction of pre-mRNA that
undergoes successful maturation and export from the
nucleus; cytoplasmic mRNA half-life; and the fraction of
mRNA in translation and the efficiency of that translation,
the latter being usually determined by the frequency of
initiation. In addition, the activity of the protein product can
be modulated.
Yeasts are the best-characterised unicellular eukaryotes
and, despite being secondarily evolved from hyphal fungi,
are good exemplars for the characteristics typical of a
unicellular organism. A growing budding yeast cell
contains one or two copies of each of the ∼6,000 genes,
around 30,000 mRNA and 5×10
7 protein molecules (10 pg
cell, 50% protein) (http://bionumbers.hms.harvard.edu/).
So, a single gene encoding a moderately abundant protein
(0.1% total protein) at steady-state levels is responsible for
30 mRNA and 50,000 protein molecules. Changes in the
rate of transcription, and thus the number of mRNA
molecules, will have a profound effect on the production
of a protein as each mRNA is translated many times. Most
yeast mRNAs have half-lives of tens of minutes and a
transcriptional response must therefore operate on a similar
timescale. Any rapid response mechanism has to take
account of the mRNA already in the cytoplasm and such
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In animal cells, a similar combination of transcriptional
and post-transcriptional responses occurs. However, the
transcriptional response is often more complex, involving a
greater number of genes, as it has evolved to optimise the
survival of the organism. In contrast, the absence of the
appropriate response to stress in a unicellular organism
results in death of the whole organism.
Members of the Kinetoplastida, such as trypanosomes,
are amongst the best-characterised protozoa. Initial inves-
tigations aimed to determine the molecular mechanisms of
virulence. Subsequently, more molecular details of their
basic cell biology have emerged along with the realisation
that kinetoplastids are an excellent model of divergent
eukaryotes as they are as evolutionarily distant from
animals, plants and fungi as any other eukaryote (Dacks
et al. 2008). One feature of the basic biology that reflects
this evolutionary divergence is the mechanism of gene
expression and the downstream consequences for regula-
tion. In mammals and yeast, transcription of protein-coding
genes is monocistronic and performed by RNA polymerase
(RNAP) II, while in nematodes RNAP II transcription of
protein-coding genes is monocistronic or polycistronic,
with up to six genes transcribed from a single promoter.
In kinetoplastid protozoa, polycistronic transcription pre-
dominates: most protein-coding genes are present in
transcription units of tens or sometimes hundreds of genes
(Martinez-Calvillo et al. 2003; Martinez-Calvillo et al.
2004; Siegel et al. 2009; Kolev et al. 2010). The pre-
mRNA is co-transcriptionally processed to monocistronic
mRNAs through coupled steps that trans-splice a
39-nucleotide exon to the 5′ end of the mRNA and cleave
and polyadenylate the 3′ end of the upstream mRNA
(LeBowitz et al. 1993; Ullu et al. 1993; Matthews et al.
1994). The spliced leader RNA (SL RNA) containing the
39-nucleotide exon is transcribed by RNAP II (Gilinger and
Bellofatto 2001) and is capped (Bangs et al. 1992); thus,
trans-splicing adds the 5′ cap to the mRNA, and the mature
mRNA is therefore structurally similar to other eukaryotic
mRNAs. Estimates of the number of mRNA and protein
molecules are similar to yeast and most mRNAs have half-
lives of tens of minutes (Haanstra et al. 2008).
Despite >99% of protein-coding genes being transcribed
by RNAP II, their promoters are uncharacterised, although
likely to be located at the 5′ end of gene arrays and
probably marked epigenetically as opposed to by sequence
(Siegel et al. 2009). In most cases, genes acting in a
particular pathway are randomly distributed throughout the
genome; so, it is unlikely that operon-like transcriptional
control occurs. Importantly, it is believed that nearly all
protein-coding genes are transcribed by RNAP II at a
similar rate and high RNA synthesis rates are obtained
either through amplification of gene copy number, for
example, 19 copies each of the α- and β-tubulin genes
(Ersfeld et al. 1998), or, in T. brucei, transcription of a
small number of protein-coding genes by the highly
processive RNAP I, most notably those genes encoding
the mRNAs for the super-abundant cell surface proteins
VSG and procyclin (Gunzl et al. 2003). Trans-splicing
negates a requirement for RNAP II transcription to add a 5′
cap.
Absence of RNAP II regulation implies that the final
level of any protein must be determined by one or more
post-transcriptional mechanisms (reviewed in Clayton and
Shapira 2007) .T h es e q u e n c ea r o u n dt h etrans-splice
acceptor site can alter the splicing efficiency and conse-
quently the levels of an mRNA (Siegel et al. 2005) and
alternative splicing occurs (Nilsson et al. 2010), but nothing
is known about how this may be modulated in response to a
changing environment. Variation in mRNA half-lives
underpin some of the differential gene expression in the
various developmental forms (see, for example, Webb et al.
2005). There are some clear examples of translational
regulation (Walrad et al. 2009). However, there is no clearly
elucidated pathway linking a change in gene expression to
an extrinsic or intrinsic signal.
Here, the response to three different extrinsic signals in
trypanosomes is discussed. The first two, heat shock and
the unfolded protein response (UPR), were almost certainly
present in the last common eukaryotic ancestor and the
third, differentiation from one life cycle stage to the next,
has probably evolved since divergence but is paralogous to
similar transitions on most other eukaryotes. In animals and
yeasts, each of these responses contains a substantial
transcriptional element and how the trypanosome might
respond in the absence of transcriptional control is
discussed. There are little hard data for trypanosomes in
this area and much of the discussion concerning the
possibilities in trypanosomes below should be treated as
speculations, hopefully well informed.
Theheatshockresponseineukaryoteswithheat-inducible
transcriptional control
Heat shock causes denaturation and aggregation of proteins
leading to perturbation of many cellular processes. It
disrupts the Golgi complex and changes the morphology
of mitochondria, nucleoli and the cytoskeleton (Welch and
Suhan 1985). To overcome the damage, chaperone proteins
that protect against oxidative damage and protective heat
shock proteins (HSPs) are preferentially synthesised.
Transcription and translation of housekeeping genes is shut
down in order to conserve anabolic energy for the repair
processes.
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are heat shock transcription factors (HSF) that bind to a
conserved region in heat-inducible promoters called the
heat shock element. Saccharomyces cerevisiae (Sorger and
Pelham 1988) and Drosophila (Clos et al. 1990) express
one, mammalian cells three (Pirkkala et al. 2001) and plants
more than 20 heat shock transcription factors (von Koskull-
Doring et al. 2007). In unstressed mammalian cells, the
master regulator of heat-inducible gene expression, HSF1,
is in a complex with HSP90. Upon heat shock, HSP90
associates with the increasing number of denatured proteins
releasing HSF1 (Zou et al. 1998) that trimerises and
translocates from the cytoplasm to the nucleus, leading to
the transcription of genes coding for heat shock proteins
(Sarge et al. 1993). Phosphorylation is central to the
regulation of HSF1 activity. On one hand, phosphorylation
ofHSF1isrequiredfortranslocationtothenucleus(Kimetal.
2005) and promotes transcriptional activity (Holmberg et al.
2001; Guettouche et al. 2005) but, on the other hand,
phosphorylation at other sites can repress activity (Knauf et
al. 1996; Kline and Morimoto 1997). Upon heat shock,
HSF1undergoessumoylationmediatedbyaphosphorylation-
dependent sumoylation motif (Hietakangas et al. 2006)b u ti t
is still disputed if sumoylation is an activating (Hong et al.
2001)o rr e p r e s s i n gm o d i f i c a t i o n( H i e t a k a n g a se ta l .2006).
The transcriptional activity of HSF1 bound to the heat shock
element is repressed by HSP70 binding (Shi et al. 1998a);
whether the binding of HSP70 prevents full activation of
HSF1 or is involved in shutting off the transcriptional heat
shock response is unknown. The transcriptional response
cannot serve as an immediate response for the reasons
discussed above.
For the immediate response, heat shock induces drastic
changes in mRNA metabolism. mRNA splicing inhibition
was observed in S. cerevisiae (Yost and Lindquist 1991)a n d
human cell lines (Shin et al. 2004). In mammalian cells, the
mechanism of inhibition is through the splicing factor SRp38
which is dephosphorylated and consequently interacts with
the U1 small nuclear ribonucleoprotein particle interfering
with the 5′-splice-site recognition (Shin et al. 2004). Heat
shock also leads to nuclear accumulation of polyadenylated
mRNA in both yeast (Saavedra et al. 1996) and mammalian
cells (Gallouzi et al. 2000). Despite the general inhibition of
mRNA splicing, mRNAs encoding HSPs are still processed
and exported during heat shock. Some other changes are due
to altered mRNA stability. In HeLa cells, HSP70 mRNA has
a half-life of 50 min; it is relatively unstable for a cultured
mammalian cell but increases at least tenfold on heat shock
(Theodorakis and Morimoto 1987). HSP70 protein also
binds AUF1, an mRNA-binding protein that destabilises
some mRNAs containing the regulatory ARE element, and
sequesters AUF1 in the nucleus, resulting in the stabilisation
of the mRNA targets of AUF1 (Laroia et al. 1999).
Heat shock causes the formation of stress granules in the
cytoplasm containing mRNA bound to stalled ribosomal
pre-initiation complexes and, depending on cell type and
organism, a variety of RNA-binding proteins, RNA
helicases, mRNA degradation enzymes and kinases. The
large ribosomal subunits are not found in stress granules
(Anderson and Kedersha 2009). Sequestration of mRNAs
to stress granules may contribute to general translational
repression and store mRNAs for heat shock recovery. It is
assumed that the heat shock stress granules are sorting
places where mRNAs are either sent to be degraded and/or
to be stored. Not all mRNAs localise to stress granules
upon heat shock: in human cells, the HSP70 and HSP90
mRNA were demonstrated to be excluded from stress
granules (Kedersha and Anderson 2002; Stohr et al. 2006).
The stress granules that form in response to different
types of environmental stress are not the same and the
repression of translation common to most stresses occurs
through different pathways. The best-understood mecha-
nism is dependent on the phosphorylation of eIF2α
(McEwen et al. 2005; Kedersha et al. 1999). Phosphorylat-
ed eIF2α forms an inactive complex with the guanine
nucleotide exchange factor eIF2B so that recycling of the
GDP-bound eIF2α into the translationally active GTP-
bound form cannot occur and cap-dependent translation
initiation is diminished. In mammalian cells, stress granule
formation on heat shock is dependent on eIF2α phosphor-
ylation (Kedersha et al. 1999; Farny et al. 2009), whereas in
Drosophila, budding yeast and trypanosomes it is not and
occurs through a pathway that has yet to be identified
(Kramer et al. 2008; Farny et al. 2009; Grousl et al. 2009).
Selective escape of individual mRNAs from the heat-shock-
induced repression of translation can occur through
cap-independent initiation; the 5′-UTR of HSP70 mRNA
contains an internal ribosome entry site and the mRNA is
translated during heat shock (Rubtsova et al. 2003).
The heat shock response in kinetoplastids
Changes in temperature occur regularly in the life cycle of
trypanosomes, both in the arthropod vector and when the
parasite is transmitted between the vector and mammalian
host. Temperature shift is one of the factors triggering
differentiation in trypanosomes and is discussed below.
However, heat shock, where the cell ceases to proliferate
and increases the expression of genes linked to recovery
and survival, is more likely to occur in the poikilothermic
vector, for example a tsetse fly in the full sun. The change
in gene expression in response to heat shock occurs within
a few minutes and provides an amenable system to
investigate a change in gene expression in response to an
external environmental change.
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upon heat shock but this accumulation is clearly not due to
transcriptional control (Lee 1995). Heat shock inhibits
trans-splicing of the tubulin transcript (Muhich and
Boothroyd 1988), whereas trans-splicing of the HSP70
mRNA is unaffected (Muhich and Boothroyd 1989). This
difference is reflected in the HSP70 and tubulin mRNA
levels over a time course of heat shock: HSP70 does not
decrease whereas tubulin does (Kramer et al. 2008). The
mechanism of the selective regulation of trans-splicing is
not understood. Only the genes for a putative RNA helicase
and a poly(A) polymerase contain a cis-intron (Mair et al.
2000; Berriman et al. 2005; Jae et al. 2010). Regulation of
cis-splicing of the poly(A) polymerase on heat shock could
potentially lead to a general inhibition of mRNA maturation
as trans-splicing and polyadenylation are coupled process-
es, but it is unknown if there is any regulation. However,
trans-splicing of the poly(A) polymerase gene gives two
products: (a) the mature fully spliced mRNA and (b) a
trans-spliced mRNA containing just the second exon
(Siegel et al. 2010). It has not been tested if the latter
mRNA is translated and if the truncated poly(A) polymer-
ase can inhibit the activity of the polyadenylation process
under some circumstances.
Heat shock also causes a rapid cessation of proliferation
that coincides with a reduction in the steady-state levels of
most mRNAs; so, by 2 h of heat shock, there is a 75%
decrease in cellular mRNA resulting from decreased
production and increased decay (Muhich and Boothroyd
1988; Kramer et al. 2008). In contrast, the steady-state
levels of selected mRNAs, including HSP83 and HSP70,
are maintained or increased (Lee 1998; Kramer et al. 2008).
The 3′ UTR is required to maintain HSP70 mRNA levels at
heat shock conditions (Hausler and Clayton 1996; Lee
1998). In two Leishmania species, the 3′ UTR of the
HSP83 mRNA is sufficient for increased stability and
translation on heat shock, whereas the 5′ UTR has no effect
by itself but does act synergistically with the 3′ UTR (Zilka
et al. 2001; Larreta et al. 2004). In Leishmania amazonen-
sis,acis-element sufficient for preferential translation upon
heat shock was found in the 3′ UTR of the HSP83 mRNA.
Mutagenesis based on the predicted structure abolished
thermal regulation; it was suggested that the temperature-
induced changes in the structure of the element might
directly regulate the translation (David et al. 2009).
Heat shock also causes a decrease in polysomes that is
probably necessary for the reduction in total mRNA and
causes substantial changes in cytoplasmic ribonucleoprotein
granules (Kramer et al. 2008). Processing (P)-bodies
contain enzymes of the 5′–3′ mRNA degradation pathway
and are increased in response to heat shock, probably
resulting from the release of mRNA from polysomes. In
addition, stress granules containing many of the proteins
involved in the initiation of translation appear. XRNA is an
abundant cytoplasmic 5′–3′ exoribonuclease capable of
degrading mRNAs and is usually concentrated in
P-bodies. However, on heat shock, it also forms a focus
located at the posterior pole of the cell of unknown function
(Kramer et al. 2008). Stress granule formation upon heat
shock is independent of eIF2α phosphorylation (Kramer et
al. 2008). In yeast and humans, some stresses induce tRNA
cleavage (Thompson and Parker 2009) and the cleavage
product induces stress granule assembly independent of
eIF2α phosphorylation (Emara et al. 2010). Whether a
similar mechanism exists in trypanosomes has not been
tested although tRNA-derived small RNAs are present in
cytoplasmic granules in Trypanosoma cruzi (Garcia-Silva
et al. 2010).
In summary, the trypanosome response to heat shock is
similar to other eukaryotes in that it is composed of a
selective increase in the expression of a small number of
genes in a background of generally decreased expression of
the vast majority of other genes. In the absence of
transcriptional regulation, the up-regulated genes have to
avoid the general inhibition of pre-mRNA processing, the
increased mRNA turnover and suppression of translation.
The immediate response is not very different from other
eukaryotes. The transcriptional response present in yeast
and mammalian cells has no equivalent in trypanosomes
except that it may have been replaced with selective mRNA
stabilisation via post-transcriptional mechanisms. It would
be interesting to determine whether trypanosomes can
tolerate heat shock for a shorter time than yeast.
In trypanosomes, the recovery from heat shock takes
several hours before growth resumes (Kramer et al. 2008).
During the recovery period, cellular mRNA levels return to
levels before heat shock. How the trypanosome monitors
the level of mRNA is unknown, but feedback mechanisms
have been reported in other eukaryotes. In yeast, Dcp1 is a
subunit of the decapping enzyme that catalyses the first step
in 5′–3′ mRNA decay and inactivation drastically slows the
degradation of many mRNAs but does not alter steady-state
levels (Muhlrad and Parker 1999). A similar experiment
provides evidence for a feedback mechanism monitoring
total mRNA in trypanosomes; depletion of CAF1, the
catalytic subunit of the major deadenylase, strongly inhibits
mRNA degradation of housekeeping and developmentally
regulated mRNAs but has no effect on steady-state levels
(Schwede et al. 2008; Schwede et al. 2009).
In yeast, there is some evidence that the feedback
pathway may operate through Rpb4 and Rpb7, two non-
core components of the RNAP II that shuttle between
nucleus and cytoplasm (Selitrennik et al. 2006). Rpb4 and
Rpb7 have a role in the initiation of transcription (Edwards
et al. 1991; Orlicky et al. 2001) and 3′-end processing of
mRNAs (Runner et al. 2008). Loading of Rpb4 and Rpb7
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(Goler-Baron et al. 2008). Phosphorylation-dependent
ubiquitinylation of two core components of RNAP II ejects
the Rpb4/7 heterodimer from the polymerase core (Daulny
et al. 2008). It is not known if this is a regulatory
mechanism for repressing transcription or a way to release
Rpb4/7 from the polymerase core. Rpb4/7 is exported with
the transcript. In the cytoplasm, Rpb4/7 is required for
efficient translation (Harel-Sharvit et al. 2010). In addition,
Rpb4/7 has several roles in mRNA degradation: it
stimulates deadenylation, recruits activators of decapping
and is required for efficient degradation by the 3′–5′
degradation pathway and the 5′–3′ degradation pathway
(Lotan et al. 2005; Lotan et al. 2007). Rpb4 und Rbp7 are
also P-body components (Lotan et al. 2005; Lotan et al.
2007).
Investigation of cis-elements in mRNAs has not yet
identified discrete motifs but has revealed regulation at both
mRNA stability and translation. In Leishmania, the HSP70
locus contains six genes that are all transcribed at similar
rates (Quijada et al. 1997). Five are HSP70-Ι genes and
mRNA abundance increases after heat shock; the 3′ UTR is
sufficient for the increase (Quijada et al. 2000). A fraction
of HSP70-Ι mRNAs is bound to polysomes at both normal
and heat shock temperatures (Folgueira et al. 2005). In
contrast, the HSP70-ΙΙ mRNA has a different 3′ UTR and is
not translated at normal temperatures. On heat shock, the
mRNA abundance does not change but the mRNA is now
translated (Folgueira et al. 2005). A chloramphenicol acetyl
transferase (CAT) reporter with HSP70-ΙΙ 3 ′ UTR does not
show any translational regulation upon temperature change
(Folgueira et al. 2005). However, it was subsequently found
that mRNAs with a neomycin phosphotransferase open
reading frame and HSP70-ΙΙ 3′-UTR obtained by targeted
replacement of the endogenous HSP70-ΙΙ gene display the
same temperature-dependent translational regulation as
endogenous HSP70-ΙΙ mRNA (Folgueira and Requena
2007); the former is a good example of misleading results
that sometimes occur when reporters are used. Many
changes in the transcriptome due to heat shock, oxidative
stress, unfolded protein response and hyperosmotic shock
are transient (Gasch et al. 2000); the large, transient changes
in transcript levels at the beginning of a stress response may
be required to set the protein levels to a new steady state.
After reaching the new steady-state protein profile, high
transcript levels are not required anymore to maintain the
steady-state protein levels and the transcript levels can be
reduced. Thus, a time course analysis is essential to
characterise any stress response; this is not always included
in studies.
Little is known about the molecular detail of the switch
that triggers the heat shock response in trypanosomes.
However, one of the initial events of heat shock is
conserved; one HSP70 isoform translocates from the
cytoplasm to the nucleus in T. cruzi (Martin et al. 1993;
Olson et al., 1994). The response includes dramatic changes
in cytoplasmic mRNP granules but the precise function of
P-bodies and stress granules remains unclear. It can be
speculated that concentrating mRNA degradation in specif-
ic foci like P-bodies may be important for the selective
degradation of different mRNAs and some mRNAs may be
stored in stress granules during the heat shock so that,
during the recovery period, the translation of housekeeping
mRNAs can resume before the transcript processing
machinery returns to normal. The posterior pole granule
remains even more of a mystery but may be important for
the metabolism of mRNPs that could be transported along
to the plus end of cortical microtubules (Robinson et al.
1995). It has been shown that heat shock stress granules are
localised to the periphery of the cell close to the
subpellicular microtubules (Kramer et al. 2008). The heat
shock response was present in the last common eukaryotic
ancestor and trypanosomes subsequently lost the transcrip-
tional component as they evolved to complete polycistronic
transcription. One unique feature of trypanosome biology is
the mechanisms that have evolved to compensate for the
loss of the transcriptional response.
The unfolded protein response in mammalian cells
The unfolded protein response is induced when misfolded
and unfolded proteins accumulate in the endoplasmic
reticulum (ER). The UPR is activated by events that cause
incomplete or unfolded proteins to accumulate—nutrient
starvation, ER calcium depletion, hypoxia, reduction of
disulphides by addition of dithiothreitol—and is also
triggered by some viruses (Kohno 2009; Lee et al. 2009).
The UPR is particularly apparent in secretory cells such as
B-lymphocytes, pancreatic β cells and osteoblasts (Wu and
Kaufman 2006). Although the UPR involves general down-
regulation of mRNA translation to reduce the ER through-
put of proteins, ER chaperones are selectively synthesised
during the UPR.
Stress caused by unfolded proteins in the ER has to be
transmitted to the cytoplasm. Three sensors have been
characterised in mammalian cells: inositol-requiring en-
zyme 1 (IRE1), PKR-like ER kinase (PERK) and activating
transcription factor 6 (ATF6). All are transmembrane
proteins with a sensor domain located in the ER lumen
and cytosolic domains transmitting the signal. In unstressed
cells, all three of the sensor domains are associated with
BiP, the predominant HSP70 homologue present in the ER.
On accumulation of unfolded proteins in the ER, there is
increased competition for BiP binding due to the unfolded
proteins, and IRE1, PERK and ATF6 are activated, possibly
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et al. 2000; Shen et al. 2002).
The loss of BiP binding results in IRE1 dimerisation and
autophosphorylation that activates a nuclease domain that
has two functions: (a) the degradation of mRNAs targeted
to the ER (Hollien et al. 2009), thus reducing the input of
newly synthesised polypeptides, and (b) cleavage of an
intron in the XBP1 mRNA. The mRNA made by this
cytoplasmic splicing encodes a transcription factor, pXBP1
(S), required for the expression of UPR target genes
(Yoshida et al. 2001; Uemura et al., 2009). The protein
encoded by the unspliced mRNA, pXBP1(U), interacts with
pXBP1(S) and sequesters it in the cytosol where the
complex is rapidly degraded by the proteosome in response
to a degradation motif in pXBP1(U) (Yoshida et al. 2006).
Thus, pXBP1(U) is a feedback regulator of pXBP1(S) and
effectively represses the transcription of UPR target genes
during the recovery phase after ER stress.
Upon ER stress and release from BiP, PERK dimerises
and autophosphorylation results in the activation of the
kinase activity in the cytosolic domain. This kinase
phosphorylates the translation initiation factor eIF2α,
resulting in a reduced rate of initiation and thus a reduction
in total protein synthesis by the mechanism described above
(Shi et al. 1998b; Harding et al., 1999). Paradoxically,
eIF2α phoshorylation enhances the translation of mRNAs
with inhibitory short open reading frames (uORFs)
upstream of the main initiation codon (Jackson et al.
2010); this category includes 45–50% of mammalian genes
(Calvo et al. 2009). For example, ATF4 mRNA is preferen-
tially translated upon ER stress and has two short uORFs;
uORF1 facilitates ribosome scanning and re-initiation at
downstream coding regions, whereas uORF2 normally
inhibits the translation of ATF4 ORF. In unstressed cells,
eIF2α-GTP is available and ribosomes reinitiate translation
at uOFR2 rather than the ATF4 ORF. In stressed cells, less
eIF2-GTP is available and ribosomes scan through uORF2
and initiate translation at the ATF4 initiation codon (Vattem
and Wek 2004;L ue ta l .2004). ATF4 is a transcription factor
that increases the transcription of genes encoding amino acid
transporters, redox enzymes for promoting protein folding in
the ER lumen and other transcription factors including
XBP1. The up-regulation of XBP1 amplifies the UPR.
The normal interaction between BiP and ATF6 results in
the retention of the complex in the ER. On dissociation,
ATF6 is trafficked to the Golgi apparatus in COPII vesicles
(Shen et al. 2002). The transmembrane domain of ATF6 is
cleaved by two Golgi proteases there and the cytosolic
ATF6 cleavage product translocates to the nucleus where it
acts as a transcription factor for ER chaperone and XBP1
genes (Yoshida et al. 2000; Ye et al. 2000). pXBP1(U) is
also a negative regulator of ATF6 and targets it for
destruction by the proteasome (Yoshida et al. 2009).
All three sensors of ER stress respond in part by
stimulating a transcriptional response to increase the
expression of genes involved in protein folding in the ER.
The unfolded protein response in kinetoplastids
Treatment of bloodstream-form cells with 1 mM dithio-
threitol to reduce disulphides or tunicamycin to inhibit
N-linked glycosylation had very little effect on mRNA
levels assessed using a microarray representing the mem-
brane trafficking system, including BiP and protein disul-
phide isomerases (Koumandou et al. 2008). These data
provide strong evidence for the absence of a transcriptional
response that adjusts mRNA levels. In addition, no increase
in BiP was detected by western blotting (Koumandou et al.
2008; Izquierdo et al. 2009). There are no immediately
apparent homologues of IRE1 or XBP1 in the genome.
Together these findings led to the model in which
bloodstream form trypanosomes have an ER protein folding
and quality control system that is not up-regulated in
response to misfolded proteins. However, the absence of a
transcriptional response in bloodstream-form trypanosomes
does not indicate lack of an UPR, albeit atypical, and it is
possible that the trypanosome UPR operates at the
translational level. Three potential eIF2α kinases are
present in the genome, all readily identified through
sequence identity in the kinase domain (Moraes et al.
2007). One is probably the orthologue of GCN2 and may
be involved in modulating protein synthesis in response to
amino acid levels. However, the effector domains of the
other two have no clear identity with the effector domains
characterised in yeast and mammals. One of these two has
been characterised and is localised to the endosomal
compartment and the membrane of the flagellar pocket,
the unique site of endocytosis in trypanosomatids. Thus,
this kinase is unlikely to mediate an ER stress response but
may be involved in sensing protein or nutrient transport
(Moraes et al. 2007). One of the other eIF2α kinases could
be activated upon ER stress, leading to phosphorylation of
eIF2α and subsequent reduction of eIF2-GTP and transla-
tion; however, it has no transmembrane domain and
activation would have to occur via an intermediate to
transfer the signal across the ER membrane. Under these
conditions, an increase in the translation of certain mRNAs
could occur by the use of cap-independent initiation or
short ORFs before the main ORF. Alternatively, regulatory
mRNA-binding proteins could be modified upon ER stress
and directly increase the translatability of certain mRNAs.
The efficiency of mRNA translation could also be modified
by changing the poly(A) status of some mRNAs as there is
a correlation between poly(A) length and translatability
(Beilharz and Preiss 2007; Lackner et al. 2007). This could
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via mRNA-binding proteins to a certain subset of mRNAs
or by elongation of the poly(A) tails by cytosolic poly(A)
polymerases. However, there has been little investigation of
these potential mechanisms in trypanosomes.
Do bloodstream form trypanosomes need an unfolded
protein response? It has been argued that one reason for this
lack of regulation may be the protein flux through the ER.
The bloodstream form trypanosome is unusual: 15% of
total cellular protein is the variant surface glycoprotein
(VSG) which represents ∼90% of the total flux through the
ER. It has been estimated that only 30% of nascent VSG
221 attains the native state; the remainder is recognised to
be the ER quality control system and is degraded by the
proteosome (Field et al. 2007). The trypanosome has
monoallelic expression of VSGs and switches the identity
of the expressed VSG occasionally, usually as a result of a
gene conversion event (reviewed in Schwede and Carrington
2010). It is likely that different VSGs fold at different rates,
but the absence of a UPR would indicate that the
trypanosome cannot compensate for slow-folding VSGs
by increasing chaperone concentrations. In turn, this
indicates that there may be a second system that coordinates
the rate of cell growth with the rate of mature, folded VSG
production. In procyclic forms, there is evidence for a
change in the transcriptome in response to 4 mM
dithiothreitol treatment; the change was similar to UPR in
other eukaryotes over 1 h (Goldshmidt et al. 2010). However,
both cases of 4 mM dithiothreitol used with procyclic forms
and 1 mM dithiothreitol used with bloodstream forms in the
experiments described above resulted in cell death and it
remains to be determined whether the changes observed in
procyclic forms were solely due to the accumulation of
unfolded proteins in the ER.
In summary, in yeasts and metazoa, the stress responses
described above are in part triggered by altered sequestration
of heat shock proteins. The immediate responses act at all
post-transcriptional levels and have evolved to slow or stop
growth whilst repair occurs. In contrast, the slower transcrip-
tional response has evolved to optimise the repair pathways.
In trypanosomes, it is likely that the immediate responses are
similar; heat shock does cause an inhibition of splicing and
translation and a subsequent arrest in growth similar to other
eukaryotes. However, it will be interesting to determine the
mechanism that has replaced the longer-term transcriptional
response in other eukaryotes.
Developmental regulation of gene expression
Trypanosomes proliferate in both vertebrate and inverte-
brate hosts. The cycle of transmission involves a series of
developmentally distinct forms, at least ten in the case of T.
brucei including four different forms that divide in four
different host environments. Differences between the
developmental forms include proliferation or arrest, mor-
phology, cell surface architecture and metabolism
(reviewed in Fenn and Matthews 2007; Sharma et al.
2009). Each form has a unique pattern of gene expression
that is presumably determined by signals from the host,
from other trypanosomes and by developmental history. As
with the responses to stress described above, the vast
majority of these changes occur in the absence of selective
transcriptional control. However, there is an exception that
probably represents a reappearance of transcriptional
control in African trypanosomes; a small number of genes
including those encoding two superabundant cell surface
proteins are transcribed by RNAP I and are developmen-
tally regulated by a suppression of transcription (reviewed
in Rudenko 2010).
The molecular mechanisms that result in altered gene
expression and differentiation in response to external
signals may have a common evolutionary origin with one
or more of the stress responses. In each case, there must be
a sensor, a transduction pathway and then molecules that
cause the response. In the stress responses discussed above,
an example of a sensor is the interaction of BiP with ATF6;
the interaction keeps the cell in an UPR-unstressed state
whereas loss of interaction is characteristic of the stressed
state. In the stress responses, the signal is both received and
transduced by the proteins such as ATF6 to bring about
changes in gene expression, transcriptional and post-
transcriptional. Although the response to stress has been
more or less well characterised in trypanosomes, the
pathways that sense the stress and transduce the signal
have not. Further, the differentiation processes in the
trypanosome life cycle are more complex than a stress
response: first, the transition is irreversible unlike the stress
response. Second, the transition involves a more complex
change in gene expression than the suppression of most
genes that is apparent during stress. Third, most transitions
from one developmental stage to the next involve a
morphological change and, in most cases, this can only
occur in coordination with a specialised cell cycle (Fig. 1).
To expand this last point, the sleek elongated form of a
trypanosome isproducedby a spiralling array of microtubules
present just inside the plasma membrane (Angelopoulos
1970); reviewed in Gull 1999). The microtubule array
appears to be permanent and it accommodates cell growth
through both lengthening of existing microtubules and the
intercalation of new microtubules (Sherwin and Gull 1989).
There is a single basal body that subtends the flagellum and
is also physically connected to the kinetoplast (the single
concatenated mass of mitochondrial DNA) through the
mitochondrial membranes (Ogbadoyi et al. 2003). The point
of emergence of the flagellum is the only discontinuity in the
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through which the new daughter flagellum emerges is
part of the coordinated construction of a new cytoskel-
eton that occurs throughout the growth phase of the cell
division cycle (Robinson et al. 1995). Changes in cell
length and the absolute and relative positions of the
kinetoplast, which acts as an accurate marker for the basal
body, and nucleus along the anterior–posterior axis
accompany developmental transitions, for example, the
nucleus can be positioned either anterior or posterior of the
kinetoplast (reviewed in Sharma et al. 2009). During
developmental transitions, some alterations in morphology
occur as a result of lengthening of the microtubule corset.
Other transitions are more complex, especially those that
involve decreasing cell length and/or repositioning of the
basal body along the anterior–posterior axis (Matthews et
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Fig. 1 Cartoon showing the cellular differentiation processes occurring
between the blood of a mammalian host and the tsetse fly midgut. The
proliferativecellcyclesareshownusingdashed lines and the irreversible
differentiation processes by solid lines. The known external signals for
differentiation are shown in boxes. The predominant cell surface protein
of each developmental stage is represented as follows: grey, VSG;
green, GPEET procyclin; yellow, EP procyclin. The features of each cell
are labelled in a representative cell in the top right section
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ric cell division that produces a daughter cell with a new
morphology and the new basal body (Van Den Abbeele et al.
1999; Tyler et al. 2001b; Sharma et al. 2008)( F i g .1). The
major implication for the differentiation mechanism(s) is that
the process has to be initiated before a discrete point in the
cell cycle so that the new pattern of microtubule corset and
thus cellular form is produced.
It will be more informative to limit further discussion to
two linked differentiation processes in trypanosomes that
are characterised best: (a) the transition from slender,
proliferative to stumpy, cell-cycle-arrested, bloodstream
forms and (b) the differentiation of the stumpy bloodstream
form to a proliferating procyclic form, similar to that
present in the tsetse fly midgut (Fig. 1). Both transitions
involve changes in cell morphology and gene expression
(Roditi et al. 1989b; Dean et al. 2009; Tyler et al. 2001b;
Matthews et al. 1995; Kabani et al. 2009). The discussion
below is based partly on in vitro recapitulations but it is
likely that it is a good reflection of in vivo events. In both
cases, the external signal for differentiation is available and
has provided the necessary tool to investigate events.
Slender to stumpy
Slender, bloodstream form trypanosomes can divide every
6 h and will overwhelm a host unless growth is curtailed.
The trypanosome population is modulated both by the host
response and by an intrinsic mechanism that limits density
through differentiation to a non-proliferative, stumpy form
that is unable to proliferate further unless ingested by the
tsetse fly vector. The transition is not simply a cell division
cycle arrest; stumpy cells have a different morphology, with
a shorter flagellum, resulting from a specialised cell
division cycle that produces two daughters, both of which
become stumpy forms (Tyler et al. 2001b). Initially, the two
daughters are not the same; the daughter with the new
flagellum has stumpy morphology but the daughter with the
old flagellum probably has to initiate flagellum shortening
after division. It is unknown whether the daughter with the
old flagellum always differentiates to a stumpy form or
whether a fraction maintain slender morphology. Stumpy
forms also express a set of genes not expressed in slender
forms, notably those involved in metabolic pathways
associated with the mitochondrion (Vickerman 1965; Tyler
et al. 1997; Kabani et al. 2009)
The differentiation occurs in response to cell density,
signalled by the production of stumpy induction factor
(SIF) by trypanosomes (Vassella et al. 1997; Reuner et al.
1997; Tyler et al. 2001a). SIF was identified in conditioned
medium and is a secreted molecule with a molecular weight
of <500 but has not been defined further and the sensor is
unknown. The signal transduction leading to differentiation
to stumpy forms has been investigated; initial evidence
suggested that a cAMP pathway was involved as
membrane-permeable cAMP analogues induced differenti-
ation as did etazolate, a phosphodiesterase inhibitor
(Vassella et al. 1997). Subsequently, it was shown that
membrane-permeable adenosine and AMP were more
potent at inducing differentiation and it is likely that the
active component is an intracellular metabolite of adenosine
nucleotide as opposed to cAMP itself (Laxman et al. 2006).
The induction of differentiation by etazolate is mysterious
as it is not a potent inhibitor of the bulk phosphodiesterase
activity in trypanosomes.
Some trypanosome cell lines do not differentiate from
slender to stumpy forms, probably as a result of years of
selection for rapid growth in laboratories. These cell lines
produce SIF but do not respond, suggesting an absence of
functional sensing or signalling and/or constitutive activa-
tion of a second pathway that overrides signalling from the
SIF pathway. A pathway that maintains slender morphology
and prevents arrest is evidenced by the deletion of genes
encoding either MAP kinase 5 (MAPK5) or ZFK, a protein
kinase with a novel domain architecture including a zinc
finger. Deletion of either results in differentiation of slender
to stumpy forms at a lower density than wild type,
indicating that signalling through protein kinases is required
to maintain the slender form (Domenicali Pfister et al.
2006; Vassella et al. 2001b). Thus, differentiation to stumpy
forms could be triggered by a decrease in kinase activity
and/or an increase in phosphatase activity.
Stumpy to procyclic
The transition from arrested stumpy cells to proliferating
procyclic cells is the best-characterised trypanosome differ-
entiation. The process can be recapitulated in culture and
occursasaseriesoforderedevents.ChangesinsomemRNAs
occur within the first hour; procyclins, the most abundant cell
surface protein of procyclic forms, are expressed within 2 h
andVSG,a major bloodstream formsurface protein,islostby
4–5 h, indicating an earlier loss of expression. The return to a
proliferative cell division cycle and remodelling of the cell
morphology has started by 6 h (Kabani et al. 2009).
The signals that induce differentiation have been
characterised; both a decrease in temperature and the
presence of the tricarboxylic acid cycle intermediate cis-
aconitate are required (although a combination of cis-
aconitate and citrate (CCA) is often used experimentally
despite cis-aconitate itself is sufficient) (Ziegelbauer et al.
1990). The two signals interact; mammalian bloodstream-
form trypanosomes are cultured at 37°C; insect procyclic
forms at 27°C. If a bloodstream-form culture is transferred
to a procyclic growth medium at 27°C, then the addition of
a millimolar concentration of CCA is required (Ziegelbauer
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20°C, then only micromolar CCA is sufficient for full
differentiation (Engstler and Boshart 2004). The drop in
temperature to 20°C by itself is sufficient to induce the
expression of the EP-1 procyclin, one of the superabundant
cell surface proteins of procyclic forms, within 2 h
(Engstler and Boshart 2004). However, the induction of
EP-1 is reversible and the addition of CCA is required to
induce the cellular differentiation processes, the change in
cell morphology and the return to proliferation (Engstler
and Boshart 2004). The most obvious change in morphology
is the movement of the kinetoplast away from the posterior
pole of the cell and closer to the nucleus and occurs during
the first cell division cycle (Matthews et al. 1995).
Slender, proliferating bloodstream forms can differenti-
ate efficiently to procyclic forms in vitro using the same
signals (Czichos et al. 1986); however, the differentiation is
asynchronous. The easiest explanation is that the cells are
receptive to the differentiation signal at one point in the cell
division cycle during G1, and stumpy forms are arrested at
or just before this point whereas proliferative forms have to
cycle to this point, resulting in asynchrony.
A second difference between slender and stumpy
bloodstream form is the trafficking of cell surface proteins,
first found for EP-1 procyclin. In slender forms it is not
exported to the cell surface from the endosome, whereas in
stumpy forms it is (Engstler and Boshart 2004). This
difference in cell surface transport is important for the
perception of the CCA signal that is sensed through
regulated expression and cell surface trafficking of a
tricarboxylic acid transporter encoded by the PAD2 gene
(Dean et al. 2009). Decreasing the temperature from 37°C
to 20°C is sufficient to both increase PAD2 protein levels
and, in stumpy forms, change the subcellular localisation
from the flagellar pocket to the entire plasma membrane.
Depletion of PAD2 by RNAi diminishes both citrate uptake
and differentiation to procyclics.
Entry of CCA into the cell breaks an autoregulatory cycle
composed of two phosphatases, PTP and PIP39. The activity
of PTP is necessary for maintaining the bloodstream-form
state and inhibition or RNAi knockdown causes spontaneous
differentiation of both slender and stumpy bloodstream to
procyclic forms (Szoor et al. 2006). PIP39 interacts with and
stimulates PTP activity. It has been proposed that the
stimulatory activity is itself regulated by a balance between
phosphorylation of PIP39 by an unknown kinase and
dephosphorylation by PTP1 (Szoor et al. 2010). Entry of
CCA into the cell breaks this cycle by decreasing PTP1
activity and thus causing an increase in phosphorylated
PIP39. The phosphorylated PIP39 relocalises to the glyco-
some from where it drives the differentiation to procyclic
forms. The finding that RNAi-mediated knockdown of
PIP39 diminishes differentiation is support for this model.
The signalling process described above is by far the best-
characterised response to a change in external environment
in trypanosomes. The prospect of the identification of
kinases and phosphatase substrates will eventually link the
signalling pathway to the changes in gene expression.
Regulation of gene expression during developmental
transitions
The importance of the identification of MAPK5, ZFK and
the two phosphatases is that they provide solid evidence for
control of differentiation of bloodstream to procyclic form
by reversible phosphorylation. The downstream steps must
be a change in gene expression and much of this change
occurs via modulation of post-transcriptional processes.
Details of how individual differentially expressed mRNAs
are regulated are scarce, but it is becoming clear that
instability of an individual mRNA in one life cycle stage
but not in another is emerging as a theme for many
developmentally regulated mRNAs and that the turnover of
unstable mRNAs is dependent on the RNA helicase DHH1
(Kramer et al. 2010), the 5′–3′ exoribonuclease XRNA (Li
et al. 2006) and the two deadenylases CAF1 and PAN2
(Schwede et al. 2009). What remains to be uncovered is the
molecular mechanism that selects an individual mRNA to
enter the instability pathway. The answer is going to be
complex; DHH1 is a repressor of translation and the
instability of differentially regulated mRNAs is intimately
linked to whether they gain access to translation, a more
complex process than translation-independent turnover.
Procyclins are the superabundant cell surface proteins
of the procyclic form trypanosome and some details are
known about the regulation of procyclin mRNAs.
Procyclins, along with VSGs, are not typical protein-
coding genes as they are transcribed by RNAP I
(Johnson et al. 1987; Gunzl et al. 2003), with the 5′ cap
being added by trans-splicing from a small RNAP
II-transcribed exon (Sutton and Boothroyd 1986). It
appears that only the VSGs and procyclins along with
their associated co-transcribed genes are transcribed by
RNAP I; the vast majority of genes are transcribed by
RNAP II. The switch to transcription by RNAP I probably
represents an adaptation to achieve high levels of
expression; VSG is >10% of the total cell protein. The
use of RNAP I is associated with the appearance of
regulated transcription; procyclin transcription is reduced
in bloodstream forms and VSGs are not transcribed in
procyclic forms. Among the earliest detected changes
during differentiation from bloodstream to procyclic forms
are the suppression of VSG transcription and the loss of
transcriptional suppression of the procyclin genes
(Overath et al. 1983;E h l e r se ta l .1987;R o d i t ie ta l .
1989a). These events are associated with structural
232 A. Schwede et al.changes in the nucleus as the VSG is transcribed from an
extranucleolar focus of RNAP I, the expression site body,
that disappears on differentiation (Navarro and Gull 2001;
Landeira and Navarro 2007).
There are several procyclin isoforms that can be divided
into two groups, GPEETand EP (Ruepp et al. 1997). Initially,
both EP and GPEET procyclins are expressed within 2 h of a
temperature decrease to 20°C, presumably corresponding to
leaving the mammalian host (Ruepp et al. 1997; Engstler and
Boshart 2004). After this initial burst of expression, GPEET
procyclins predominate on the first ‘early’ procyclics that
appear in the midgut within the peritrophic membrane.
Subsequently, procyclic forms pass through the peritrophic
membrane; around this time, GPEET expression is repressed
and EP procyclin increases (Vassella et al. 2001a;A c o s t a -
Serrano et al. 2001). The switch from GPEET to EP
procyclins is reflected in the levels of the respective mRNAs;
however, ‘late’ procyclics contain mRNAs for three EP
procyclin isotypes, EP-1, EP-2 and EP-3, but only express
two, EP-1 and EP-3. The mechanism and biological function
of the translational repression of EP-2 are not understood.
The switch from GPEET to EP procyclin expression is
linked to central metabolism, possibly reflecting carbon
source availability (Vassella et al. 2000; Morris et al. 2002;
Vassella et al. 2004). In culture, procyclic forms can use
either substrate level phosphorylation or oxidative phos-
phorylation to generate ATP, the former predominating
when glucose is available and the latter when glucose is
depleted and the carbon source is amino acids, mainly
proline (which is abundant in the tsetse midgut). During
oxidative phosphorylation, NADH is not produced from the
citric acid cycle but the acetate succinyl–coA transferase/
succinyl–coA synthase cycle (van Weelden et al. 2005).
In ‘early’ procyclics in culture, GPEET expression can
be maintained by the addition of glycerol to the medium
(Vassella et al. 2000); thus, glycerol presents the switch to
EP expression. In cultures of ‘late’ procyclics, predomi-
nantly expressing EP, knockdown of hexokinase or hexose
transporters (Morris et al. 2002) or simply depletion of
glucose from the medium resulted in increased GPEET and
decreased EP expression; thus, a reduction in available
glucose increases GPEET expression. The same effect
occurs on suppression of mitochondrial catabolism by
knockdown of either pyruvate dehydrogenase or succinyl
CoA synthetase (Vassella et al. 2004). In contrast, inhibi-
tion of oxidative phosphorylation either through hypoxia or
inhibition of the alternative oxidase suppresses GPEET
mRNA. These manipulations of central metabolism pre-
sumably mimic a change in amount or type of carbon
source between carbohydrates and amino acids, but it is
difficult to make sense of the observations above by simply
linking one carbon source or predominant catabolic
pathway to the expression of either of procyclin types.
How is the carbon source state transmitted to mRNA
levels? The finding that knockdown of subunits of AMP-
dependent protein kinase resulted in the expression of both
GPEET and EP procyclins in cells previously expressing
just EP procyclin provides evidence for the identity of one
component of the signalling pathway (Clemmens et al.
2009).
Despite the increase in transcription of procyclins on
differentiation from bloodstream forms, much of the
regulation of the procyclin mRNAs is post-transcriptional
(Hug et al. 1994; Hehl et al. 1994; Hotz et al. 1997;
Schürch et al. 1997). The 3′ UTRs contain elements that
confer mRNA instability and translational suppression in
bloodstream forms. Part of the EP-1 3′ UTR is necessary
and sufficient for the induction of expression in blood-
stream forms after dropping the temperature to 20°C as
described above (Engstler and Boshart 2004). The GPEET
3′ UTR contains an element necessary for expression in
response to glycerol (Vassella et al. 2000). Enormous
efforts have gone into identifying trans-factors that interact
with these elements; recent success has identified ZFP3, a
zinc finger RNA-binding protein that selectively binds EP-1
and GPEET mRNAs that influences the balance between
GPEET and EP-1 expression (Walrad et al. 2009).
The connection between factors involved in signalling
differentiation and changing gene expression remains
mysterious and the molecular characterisation of a complete
pathway connecting an environmental change to alterations
in mRNA stability or translation is a challenging goal. The
evolutionary divergence of trypanosomes provides some
information on the evolution of the response of gene
expression to external signals. Trypanosomes represent a
group that split at an early stage of the diversification of
eukaryotes and it is likely that the heat shock response and
ER unfolded protein response have evolved from pathways
present in the last common eukaryotic ancestor and thus use
common conserved genes such as heat shock proteins and
MAP kinases. However, the differentiation processes
probably evolved after divergence and the identities of
components involved in signal sensing and possibly
transduction are likely to vary. For example, yeast and
metazoa frequently use receptors coupled to trimeric
G-proteins to sense and transduce extracellular signals.
Trimeric G-proteins are absent from the trypanosome
genome and there are no apparent tyrosine kinase receptors.
The identities of the sensor and transduction components in
trypanosomes have and will emerge from both biochemical
and post-genomic approaches. In particular, the recently
developed forward genetics will provide answers.
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